INTRODUCTION
============

The self-assembly of nanoparticles is a growing interest in nanoscience due to their fundamental research standpoints ([@R1]) as well as unique properties ([@R2]--[@R5]). Inorganic nanocrystals are always regarded as rigid units owing to their lattice structure, and slight deformation in nanocrystals can result in high lattice stress, which restricts them from assembling into sophisticated superstructures. Inorganic clusters with atomic precision structures are a class of materials on the borderline between molecules and nanoparticles ([@R6]--[@R8]). One of their most distinct features is that their chemical or physical properties can be tuned at the single-atom level ([@R9]--[@R12]). Moreover, because of their extremely small size, which is close to sub--1 nm ([@R13]--[@R15]), their assembly may be determined by directional or nondirectional noncovalent bonds at molecular levels ([@R16], [@R17]) and might not follow the hard sphere model as compared with their inorganic nanocrystal counterparts ([@R18]--[@R21]). Thus, uncommon flexibility and versatility may be achieved in cluster assembly systems to obtain sophisticated superstructures by stepwise tuning of interactions at molecular levels. Affected by the variation of chemical bonds and surroundings, unexpected properties may emerge during the assembly process. However, caused by lack of connective mediates and the aggregation tendency of clusters, the assembly from single clusters into superstructures is still of great challenge.

Polyoxometalates (POMs) are subnanometer-sized clusters with a variety of structures ([@R7]) and widespread applications in photochemistry ([@R22]), catalysis ([@R23]), electronics ([@R24]), and electrochemistry ([@R25]). The oxygen-enriched surface of the POM cluster provides abundant coordination sites, and the solubility of POM clusters can be easily changed through the encapsulation of surface ligands ([@R26]), making them excellent candidates as building blocks for single-cluster assemblies. Kovalenko and co-workers ([@R27]) have achieved a family of superlattices assembled by POM clusters and inorganic nanocrystals. Recently, Wang and co-workers ([@R28]) reported the double-diamond cubosome superstructures built by heterocluster Janus dumbbells. However, the superstructure assemblies constructed by single POM clusters have not been reported yet.

Here, we report a series of single-cluster nanowires, single-cluster nanorings, and three-dimensional (3D) superstructure assemblies built by POM clusters. Schematics of the synthetic procedure and assembly process of the single-cluster nanostructures are demonstrated in [Fig. 1](#F1){ref-type="fig"}. With lower pH values and more acetate replaced by acetic acid, the linkage between clusters will gradually change from the coordination bond of oxygen into the hydrogen bond of hydroxyl, which results in the change of coordination site at the molecular level and morphology transformation from a nanowire into a nanoring structure ultimately. By the substitution of a single metal atom in the POM cluster, a library of single-cluster nanostructures in different configurations can be achieved with 15 kinds of POM clusters, which reveals the controllability and general feasibility of the single-cluster assembly. The P~2~W~17~Mn nanowire displays excellent catalytic activity toward olefin epoxidation, and the 3D superstructures show enhanced sensitivity toward H~2~O~2~ detection compared with the unassembled structure, which illustrates the universal functionality and promising applicative prospects of single-cluster assemblies.

![Schematics of the synthesis and self-assembly process of single POM cluster nanostructures.\
(**A**) Dawson-type POM cluster. (**B**) Single-cluster nanowires. (**C**) Single-cluster nanoring. (**D**) Nanocolumn constructed by nanorings. (**E**) 3D superstructure assembled by nanorings.](aax1081-F1){#F1}

RESULTS
=======

The Eu-substituted Wells-Dawson--type POM cluster, \[α-2-P~2~W~17~EuO~61~\]^7−^, is chosen as the typical building block, which is of subspheroidal shape that is 1.2 nm in the long axis direction and 1.0 nm in the short axis direction ([Fig. 1A](#F1){ref-type="fig"}). By the two-phase approach synthesis ([@R29]), the single-cluster nanowires and nanorings ([Fig. 1, B and C](#F1){ref-type="fig"}) are achieved in high yield (95% for nanowires and 80% for nanorings). The x-ray photoelectron spectroscopy spectra testify to the constant valence of europium during the synthetic procedure (fig. S1A). The Fourier transform infrared spectra, ^31^P solid state nuclear magnetic resonance spectra ([@R30]), and elemental analysis results (fig. S2, A and B, and table S1) prove the intact POM anions in the product. The weight loss of nanowires and nanorings from the thermogravimetric analysis (fig. S2C) demonstrates that seven potassium ions have been completely substituted by quaternary ammonium cations. Hence, the chemical formula of the POM cluster is suggested to be (CTA)*~x~*(TBA)~7-*x*~\[P~2~W~17~EuO~61~\].

Ultrathin nanowires several hundred nanometers in length were achieved with neutral POM solution ([Fig. 2A](#F2){ref-type="fig"} and fig. S3A). The single-cluster construction of the nanowire is observed by high-resolution transmission electron microscopy (HRTEM) ([Fig. 2B](#F2){ref-type="fig"}). The ultrahigh aspect ratio brings high surface energy, resulting in a high tendency to assemble and excellent flexibility. In concentrated solutions, the nanowires can form bundle structures ([Fig. 2A](#F2){ref-type="fig"}) and cause the increase in viscosity of the solution, whereas in diluted solutions, random distortions are often observed in the nanowires (fig. S4A).

![Characterization of single-cluster nanowires, nanorings, and 3D superstructures.\
(**A**) Typical TEM image of a POM nanowire. (**B**) High-resolution TEM (HRTEM) image of a single nanowire. (**C**) Typical transmission electron microscopy (TEM) image of a POM nanoring. (**D**) High-resolution aberration-corrected TEM image of nanorings. (**E**) TEM image of a small-size superstructure from the side face. (**F**) TEM image from the top view of the superstructure. (**G**) Low-magnification TEM image of a 3D superstructure in large size and the corresponding fast Fourier transform (FFT) image. (**H**) Dark-field HRTEM image of the superstructure. (**I**) Energy-dispersive x-ray (EDX) elemental mapping analysis of the superstructure.](aax1081-F2){#F2}

As the acetic acid was introduced to the POM solution, the resulting nanowires curved and more closed rings were formed (fig. S4, B and C). The morphology transformation was accomplished when the pH was adjusted to 4.0 and stirring time was prolonged to 16 hours, resulting in uniform nanoring structures with a diameter of 6.5 nm ([Fig. 2C](#F2){ref-type="fig"} and fig. S3B). By using high-resolution aberration-corrected transmission electron microscopy (TEM), single POM clusters of about 1 nm can be clearly observed ([Fig. 2D](#F2){ref-type="fig"}), and no surface ligand is observed between the adjacent POM clusters. Combining the size of the nanoring and POM clusters, we propose that each nanoring is assembled by 16 POM clusters.

To figure out the interactions between adjacent POM clusters, the morphology evolution of the nanowire structure with different concentrations of potassium acetate (KAc) was carried out (fig. S5). The addition of KAc would contribute to the formation of nanowires; longer nanowires were obtained with higher KAc concentration. Desired nanowires with high respect ratio were achieved only with KAc more than twice the POM clusters in molar ratio. Similarly, no nanoring was observed by simply tuning the pH value in the absence of KAc. Hence, the acetic acid and acetate ion would serve as molecular linkers in the formation of nanowire and nanoring structures.

On the basis of potential intermolecular interactions between POM, KAc, and surfactants and the first principles calculations, we propose a molecular model for nanorings and nanowires, respectively. As shown in [Fig. 3](#F3){ref-type="fig"}, nanorings and nanowires adopt completely different assembly patterns. When the pH of the solution is higher than the pKa (4.5) of HAc, Ac− is the major species, and two oxygen atoms in the Ac− ligand bond respectively to two metal atoms in adjacent POM clusters and link them together via the coordination bonds, forming a POM dimer in a head-to-head configuration. In addition, positively charged surfactants like cetyltrimethyl ammonium bromide (CTAB) and tetrabutyl ammonium bromide (TBAB) further connect these negatively charged POM dimers together via electrostatic interactions, which are nondirectional and thereby account for the formation of flexible nanowires. When the pH of the solution is about 4.0, HAc is then the major species. The carbonyl oxygen in HAc still bonds to metal atom in one POM cluster via the coordination bond, while the hydroxyl oxygen in HAc interacts with a surface oxygen at the far end of the other POM through the hydrogen bond, leading to the formation of a POM dimer in the head-to-tail configuration. Both the coordination bond and hydrogen bond are directional, which result in a specific angle of \~22° between the POM clusters. When the head-to-tail linkage of POMs is cyclic, nanorings of 16 clusters form, which is consistent with the experimental observation. The surfactants bind to the exposed surface oxygens of POM and serve as scaffold in the circle, since the radii of the nanorings match the length of the CTAB molecules.

![Molecular model for POM single-cluster self-assembled nanostructures.\
(**A**) Single-cluster nanowire. (**B**) Single-cluster nanoring. (**C**) Building block of a nanowire structure in which two POM clusters are linked head to head by Ac^−^. (**D**) Building block of a nanoring structure in which POM clusters are linked head to tail by HAc. (**E**) Single-cluster nanowire structure model at low pH in which POM clusters are linked by HAc in the head-to-head configuration. (**F**) Comparison of Mülliken charges on metal M and surface oxygen O~M~ coordinating M in a single POM cluster P~2~W~17~M (M = Zn, La, Ce), as well as hydrogen bond length established between O~M~ and hydroxyl oxygen of HAc (O~M~-O) and binding energy of HAc to single POM cluster calculated by the density functional theory. With the increasing acidity of M, O~M~ becomes less negatively charged, and its ability to establish a hydrogen bond with HAc is diminished. Color code: M, blue; W, gray; O, red; and C, cyan.](aax1081-F3){#F3}

It is worth mentioning that the nanorings can spontaneously self-assemble into 3D superstructures at room temperature. A well-ordered 3D superstructure with uniform pore features (6.5 nm in diameter) is observed from the top view, and a layered structure is exhibited from the side face ([Fig. 2, E and F](#F2){ref-type="fig"}). Because of the different orientation stability of the superstructures, more top viewed ones are observed as they grow larger. There are gaps between neighboring nanorings and layers, and the interspaces between nanorings and layers are measured to be 3.5 and 3.8 nm, respectively. Energy-dispersive x-ray (EDX) mapping analysis ([Fig. 2, H and I](#F2){ref-type="fig"}) confirms the uniform distributions of tungsten, oxygen, phosphorus, and europium in the structure. The two projection images illustrate the simple hexagonal stacking manner of the superstructures, which is further confirmed by the fast Fourier transform (FFT) image ([Fig. 2G](#F2){ref-type="fig"}). The superstructure can continually grow up to 1 μm if the assembly proceeds for weeks. The magnified image from the center of the superstructure ([Fig. 4F](#F4){ref-type="fig"}) shows that the assembled nanorings are more uniform and compacted, illustrating that the arrangement of clusters inside the nanorings is adjustable during the assembly process.

![Gallery of nanostructures constructed by P~2~W~17~M clusters.\
(**A**) Map of elements that are able to form P~2~W~17~M cluster nanowires (highlighted in blue) and P~2~W~17~M cluster nanorings and superstructures (highlighted in orange). The charge-to-radii ratio of the element is listed at the bottom. (**B**) TEM images of P~2~W~17~M cluster nanowires and nanorings. Scale bar, 50 nm.](aax1081-F4){#F4}

We further studied the formation process of 3D superstructures on the base of the intermediate shown in figs. S6 and S7. In the early stage of the assembly, nanorings first arrange layer by layer to form 1D nanocolumns (fig. S6), and the nanocolumns would then assemble into 3D superstructures. Simple cubic superstructures are also found in the formation process (fig. S7). These structures are commonly formed with small size in concentrated nanoring dispersions, indicating that the formation is under kinetic control. However, as the superstructure grows larger, the nanorings tend to get closely packed to minimize the surface energy, and the simple cubic superstructures will gradually transform into simple hexagonal ones and are rarely seen in the final product.

The assembly of nanoparticles into superstructures is mainly driven by solvent evaporation. The superstructures are usually unstable and disassemble into isolated building blocks after dilution due to the weak interactions between building blocks. In this work, the self-assembly of nanorings into 3D superstructures is driven by electrostatic attraction. The charge density per molecule is enormous compared with that of inorganic nanoparticles, and the assembly can effectively reduce surface energy, resulting in the spontaneous and irreversible assembly process. The 3D superstructures show high stability upon dilution and ultrasonication. The dilution of nanoring suspensions can only slow down but will not terminate or reverse the assembly process. As the structures are constructed by POM clusters (negatively charged) and quaternary ammonium cations (positively charged) driven by electrostatic attractions, they are sensitive to solvents. The product (including nanowires, nanorings, and 3D superstructures) is unstable toward alcohols, ketones, and ethyl acetate but shows good stability toward alkane solvents (such as cyclohexane and hexane). The morphologies of all these POM cluster assemblies (including 3D superstructures) were well maintained after several washing and dispersing cycles. The above results further reveal the peculiar properties of the single-cluster assemblies.

The electrostatic attraction--driven ultrathin nanostructures display a strong tendency to assemble to reduce the surface energy, and the synergistic effects and specific properties may emerge during the assembly process. Revealed by the TEM images, POM clusters link together along their long axis, and the short axis is covered by surface ligands. Structure details of the single-cluster assemblies are investigated by controlling synthetic parameters seriatim.

To figure out the effect of alkyl chains of surfactants on nanowires, CTAB (C~16~) was replaced by octadecyltrimethyl ammonium bromide (OTAB, C~18~), tetradecyltrimethyl ammonium bromide (TTAB, C~14~), and dodecyltrimethyl ammonium bromide (DTAB, C~12~) in the synthesis. Similar nanostructures were feasible with OTAB and TTAB but unavailable with DTAB (figs. S8 and S9) or shorter-chained ones. Small angle x-ray scattering (SAXS) profiles of the abovementioned nanowire structures demonstrate that the interspace between nanowires reduces as the alkyl chain length of surfactants decreases (fig. S8D). The values of distances further prove the double layer structure of the surface ligand between parallel nanowires. Moreover, the alkyl chains of surface ligands also influence the assembly rate of nanorings. The longer the surfactant chain, the better the deformability of the nanoring shells and the longer time they need to assemble into a well-ordered 3D superstructure. Nanorings with surfactant of OTAB, CTAB, and TTAB took 10, 3, and 1 day to assemble into 3D superstructures, respectively.

The influence of molecular linkers on the formation of nanostructures was then investigated by substituting the acetate (acetic acid) with formate (formic acid) and propionate (propionic acid) in the synthesis. Nanowires, nanorings, and 3D superstructures of similar structural parameters could be achieved (fig. S10). Structural details were characterized by SAXS, and we found that as the alkyl chain of acids increased, intercluster distances expanded while the internanowire distance shrank slightly. The molecular linkers, sized much smaller than the POM cluster, locate in the center between adjacent clusters. As the alkyl chain grows, clusters are pushed away due to the steric hindrance effect, and the intercluster distance is expanded. Meanwhile, the covering surface ligands will invade the outer space generated, resulting in closer distance to clusters and a slight decrease in interspace between nanowires.

According to the molecular models, POM dimers in nanowire structures are linked via surfactant electrostatic attractions, which are weak and nondirectional. This type of linkage results in enlarged intermolecular distance as well as uncommon flexibility. High surface energy and excellent deformability impel nanowires to form bundles in concentrated solutions and become flexible in diluted suspensions. It is noteworthy that the single-cluster nanostructures not only provide flexibility but also bring elasticity to the system due to the noncovalent bond linkage. The average distances between adjacent clusters decrease during the assembly process and are measured to be 1.27, 1.25, and 1.22 nm in nanowires, nanorings, and 3D superstructures, respectively, according to the SAXS results (fig. S11A). In the morphology transformation from nanowire to nanoring, the configuration of the POM dimer varies from head-to-head to head-to-tail with a specific angle, and the linkage between dimers changes from electrostatic attractions into coordinate bonds, leading to the shortening of intercluster distance and weaker flexibility of the nanoring structure. The assembly of nanorings into 3D superstructures further compresses the inter- and intrananoring distance, forming a more ordered and rigid shape of nanorings and closer intercluster distance. The shorter distance between POM clusters connected via coordination bonds can efficiently promote electron transfer and performs unpredictable properties in potential applications.

Owing to the extremely small size, the replacement of a single atom in the cluster can cause notable changes in properties. Thus, we try to substitute the europium atom in the POM cluster with other transition metals, of which the formula of the anionic POM clusters is \[α-2-P~2~W~17~MO~61~\]^*x*−^ (*x* = 7 or 8, marked as P~2~W~17~M). Strikingly, similar nanostructures can be prepared with up to 15 kinds of POM clusters, but the configurations are not quite the same with each element. [Figure 4](#F4){ref-type="fig"} exhibits the overview of the involved transition elements and TEM images of the corresponding P~2~W~17~M nanostructures. The single-cluster nanowires can be achieved with 15 kinds of P~2~W~17~M clusters including metal elements M of transition metals (Ti, V, Cr, Mn, Co, Ni, Cu, and Zn; marked as Mtrans) and lanthanide (La, Ce, Pr, Nd, Sm, Eu, and Gd; marked as Ln), while the single-cluster nanorings and 3D superstructures can only be obtained with 6 P~2~W~17~Ln clusters including those of Ce, Pr, Nd, Sm, Eu, and Gd. TEM images of the corresponding nanostructures composed of 14 kinds of P~2~W~17~M clusters are exhibited in [Fig. 4B](#F4){ref-type="fig"}; enlarged images and energy-dispersive spectroscopy (EDS) results are shown in figs. S12 and S13. SAXS results (fig. S11, B and C) manifest the single-cluster constructions of the 14 kinds of P~2~W~17~M nanowires. In particular, for the P~2~W~17~V nanowires, vanadium was reduced to tetravalence with ascorbic acid in the synthesis (fig. S1B). It is worth mentioning that with the employment of the Dawson-type POM cluster with no transition metal atom, \[α-2-P~2~W~17~O~61~\]^10−^, ultrathin nanobelts 10 nm in width were achieved (fig. S14). No further curve or assembly was observed under similar reaction conditions.

To explain why only six P~2~W~17~Ln clusters self-assemble into nanorings, while the other nine P~2~W~17~M clusters always form nanowires irrespective of pH, we scrutinize the molecular model and building blocks of nanowires and nanorings. As mentioned above, the nanowire structures are built from the head-to-head configuration of POM dimers. To facilitate the formation of nanoring structures, the head-to-tail connection of the POM clusters is necessitated. This is feasible only if the pH of the solution is low and the hydrogen bond is formed between the hydroxyl oxygen of HAc and the surface oxygen of POM located far from the metal atom M. It is noteworthy that the ability of surface oxygens to accept hydrogen varies due to the influence of metal element M. The charge-to-radii ratio of all the metal elements involved, which can reflect the acidity of M, is listed in [Fig. 4A](#F4){ref-type="fig"}, except for Cr and V due to their different coordination structure. In the nine P~2~W~17~M (M = Mtrans and La) clusters, the acidity of M is relatively weak, so oxygens coordinating M are more negatively charged (less than −0.7 atomic charge) and act as stronger hydrogen acceptors than oxygens far from M as illustrated in [Fig. 3F](#F3){ref-type="fig"}. In the case of low pH, two P~2~W~17~M clusters can be linked head to head via HAc through a coordination bond and a hydrogen bond, giving rise to the nanowire structure ([Fig. 3E](#F3){ref-type="fig"} and fig. S15), similar to the one with Ac^−^ as linkers at high pH. In the six P~2~W~17~Ln (Ln = Ce-Gd) clusters, the acidity of M is further reinforced with decreasing ionic radii, and oxygens coordinating M become less negatively charged, so that binding of HAc to these oxygens is no longer favored in energy. Instead, forming a hydrogen bond between oxygens at the far end of P~2~W~17~Ln and the hydroxyl group in HAc is preferred, which facilitates the head-to-tail connection of POMs and the formation of nanoring structures.

To achieve the single-cluster assemblies, the key point is to create a tunable linkage between adjacent POM clusters. According to the molecular models, the substitutional metal atom in the cluster is essential for the connection since it provides a steady coordination site for the molecular intermediate. For the POM clusters with no metal substitution, the linkage between clusters can be nondirectional, leading to the formation of 2D and 3D nanostructures such as nanosheets and spheres. Therefore, the metal-substituted Keggin-type POM clusters (\[PW~11~MO~39~\]^x−^) are also potential candidates to assemble into similar structures. However, further investigations are needed to verify the configuration and establish a general synthetic method for the construction of single POM cluster assemblies.

POM clusters are potential candidates in the photochemical, catalytic, and electrochemical fields due to their remarkable redox property ([@R31]). In single-cluster assemblies, the various intercluster distances and connection types between clusters may lead to promotions in application potentials. Therefore, the catalytic and electrochemical sensing performances are tested with selected single-cluster nanostructures and are shown in [Fig. 5](#F5){ref-type="fig"}.

![Catalytic and electrochemical sensing performances of single-cluster nanostructures.\
(**A**) Epoxidation of olefins with PhIO catalyzed by the P~2~W~17~Mn nanowires. Electrochemical detection of hydrogen peroxide (**B** to **D**). (B) Recorded amperometric response of a POM superstructure with the addition of hydrogen peroxide. (C) Corresponding calibration plot of steady-state currents against concentration of hydrogen peroxide. (D) Comparative amperometric response of 3D superstructures (black), nanorings (red), nanowires (green), and POM clusters (blue) with the addition of hydrogen peroxide (50 μM) at −0.78 V versus saturated calomel electrode.](aax1081-F5){#F5}

Reactions of olefin epoxidation catalyzed by P~2~W~17~Mn nanowires are performed at room temperature. The catalytic epoxidation of cyclooctene can reach a yield of 98% within 2 hours, and high yields of 98, 97, and 93% are achieved with substrates of cyclohexene, cis-3-hexene, and styrene, respectively, under the same reaction conditions ([Fig. 5A](#F5){ref-type="fig"}). The single-cluster nanowire structure shows notably improved catalytic activity of high yield in mild condition compared with the P~2~W~17~Mn precursor (table S2) and other POM catalysts ([@R23], [@R32]). Moreover, the P~2~W~17~Mn nanowires can be regarded as single-atom catalysts with uniform dispersion. Control experiments with (CTA)*~x~*(TBA)~6-*x*~P~2~W~18~O~62~, (CTA)*~x~*(TBA)~10-*x*~P~2~W~17~O~61~, and (CTA)*~x~*(TBA)~7-*x*~P~2~W~17~EuO~61~ as catalysts were also performed under the same conditions with reaction time prolonged to 24 hours. However, no epoxy product was detected, which indicated that the Mn atom played an essential role as the catalytic active center. By the substitution of the single metal atom in the POM cluster, more single-atom catalysts with diverse functionalities can be prepared, revealing the inestimable applicative potentials of the single-cluster nanostructures.

Electrochemical detection of H~2~O~2~ was carried out with different morphologies of P~2~W~17~Eu cluster assemblies. The cyclic voltammetry (CV) curves of the P~2~W~17~Eu superstructure/GCE (glassy carbon electrode) in 0.1 M phosphate-buffered saline in the absence of H~2~O~2~ and in the presence of 2 mM H~2~O~2~ are shown in fig. S16A. In contrast, the CV curves of P~2~W~17~Eu nanorings, nanowires, and clusters were tested in the same condition and shown in fig. S16 (B to D). To examine the sensitivity of the P~2~W~17~Eu superstructure toward H~2~O~2~, an electrode potential of −0.78 V (versus saturated calomel electrode) was used for the H~2~O~2~ detection. [Figure 5B](#F5){ref-type="fig"} shows the amperometric response of the POM superstructure/GCE with successive step changes of H~2~O~2~ concentration. The detection limit of the P~2~W~17~Eu superstructure was 5 μM (S/N = 3), and the current response can reach steady state in less than 4 s. The calibration plot of the hydrogen peroxide sensor shown in [Fig. 5C](#F5){ref-type="fig"} has a linear response range from 5 to 720 μM with a determination coefficient (*R*^2^) of 0.9990, as well as a sensitivity of 73.1 μA mM^−1^ cm^−2^. As presented in fig. S16E, there are no distinctive changes in current with the addition of methanol, glucose, uric acid, and ascorbic acid, which suggests that the P~2~W~17~Eu superstructure has high selectivity toward the detection of H~2~O~2~. In the control experiment, the amperometric responses of other POM nanostructures were carried out at the same electrode potential and shown in [Fig. 5D](#F5){ref-type="fig"}. With the addition of the same amount of H~2~O~2~ (50 μM), the sensitivities of P~2~W~17~Eu clusters, nanowires, and nanorings were measured to be 31.6, 39.7, and 43.9 μA mM^−1^ cm^−2^, respectively. The P~2~W~17~Eu superstructure performs with notably enhanced sensitivity and lower noise in comparison with other unassembled nanostructures, which is due to the promotion of electron transfer in materials contributed by the shorter distance between adjacent clusters. These results illustrate the superiority and promising prospect of single-cluster assemblies as sensors and catalysts, and present the possibility of modifying the functionality of materials from the molecular level.

DISCUSSION
==========

In summary, we have achieved a series of single-cluster nanowires, single-cluster nanorings, and 3D superstructure assemblies built by POM clusters. By the substitution of a single metal atom in the POM cluster, a library of single-cluster nanostructures in different configurations can be achieved with 15 kinds of POM clusters, revealing the controllability and general feasibility of the single-cluster assembly. The configuration can be varied from single-cluster nanowires to nanorings by stepwise tuning at the molecular levels. Molecular models are established to clarify the interactions between clusters and the influence of substituted metal atom to the assembly. The P~2~W~17~Mn nanowire shows excellent catalytic activity toward olefin epoxidation, and the P~2~W~17~Eu 3D superstructures display enhanced sensitivity toward H~2~O~2~ detection, which illustrates the various functionalities of single-cluster assemblies. This work has pointed out new avenues to the "bottom up" fabrication of flexible nanostructures and superstructure assemblies with diverse functionalities and may enlighten the design of inorganic metamaterials from the molecular level.

MATERIALS AND METHODS
=====================

Synthesis of P~2~W~17~Ln nanowires
----------------------------------

K~7~P~2~W~17~LnO~61~ (330 mg) and 40 mg of KAc were dissolved in 20 ml of deionized water (pH 6.5) without further pH control. CTAB (79 mg) and 69 mg of TBAB were dissolved in 15 ml of chloroform. The organic phase was added dropwise into the POM solution under vigorous stirring. After 1 hour, the mixture was centrifuged at 10,000 rpm for 5 min, and the organic phase was collected. The clear solution was evaporated under ambient condition. The product was obtained as powder (Ln = La, Ce, Pr, Nd, Sm, Eu, Gd).

Synthesis of P~2~W~17~Mtrans nanowires
--------------------------------------

The synthetic methods for P~2~W~17~Mtrans nanowires were similar to those of P~2~W~17~Ln nanowires except for the pH values of the POM solution, which were K~8~P~2~W~17~TiO~61~ (pH 5.5), K~7~P~2~W~17~VO~62~ (pH 4.0), K~7~P~2~W~17~CrO~61~ (pH 10.0), K~8~P~2~W~17~MnO~61~ (pH 4.6), K~8~P~2~W~17~CoO~61~ (pH 4.0), K~8~P~2~W~17~NiO~61~ (pH 3.8), K~8~P~2~W~17~CuO~61~ (pH 4.0), and K~8~P~2~W~17~ZnO~61~ (pH 4.5). In particular, for the synthesis of P~2~W~17~V nanowires, 330 mg of K~7~P~2~W~17~VO~62~, 50 mg of KAc, and 40 mg of ascorbic acid were dissolved in 20 ml of deionized water to reduce V(V) into V(IV). Other synthetic parameters were the same with those of P~2~W~17~Ln nanowires.

Synthesis of P~2~W~17~Ln nanorings
----------------------------------

K~7~P~2~W~17~LnO~61~ (330 mg) and 40 mg of KAc were dissolved in 20 ml of deionized water, and the pH was adjusted to 4.0 by acetic acid. CTAB (330 mg) and 69 mg of TBAB were dissolved in 30 ml of chloroform. The organic phase was added dropwise into the POM solution under vigorous stirring. After 16 hours, the mixture was centrifuged at 10,000 rpm for 5 min, and the organic phase was collected. The clear solution was evaporated under ambient condition. The product was obtained as some powder (Ln = Ce, Pr, Nd, Sm, Eu, Gd).

Self-assembly of nanorings into 3D superstructures
--------------------------------------------------

Twenty milligrams of nanorings was dispersed in 10 ml of chloroform, and the solution was put into a sealed bottle for several days. The self-assembled superstructures were formed when the solution became turbid. The product was collected by centrifugation and dried under air.
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Fig. S1. XPS spectrums of metal elements in nanowire structures.

Fig. S2. Characterizations of POM nanowire and nanoring structures.

Fig. S3. TEM images of single-cluster nanostructures in low magnification.

Fig. S4. The morphology transformation from nanowires into nanorings.

Fig. S5. TEM images of products synthesized with different concentrations of KAc.

Fig. S6. TEM images of nanocolumns assembled by nanorings.

Fig. S7. Typical TEM images of simple cubic (CTA)*~x~*(TBA)~7-*x*~P~2~W~17~EuO~61~ superstructures.

Fig. S8. TEM images of nanowires encapsulated by surfactants with different alkyl chain lengths.

Fig. S9. TEM images of nanorings and 3D superstructures encapsulated by surfactants with different alkyl chain lengths.

Fig. S10. TEM images of nanowires, nanorings, and 3D superstructures with different alkyl chains of acids.

Fig. S11. SAXS results of P~2~W~17~M cluster nanostructures.

Fig. S12. TEM images and EDX results of nanowire structures constructed by P~2~W~17~M clusters.

Fig. S13. TEM images and EDX results of nanostructures constructed by P~2~W~17~Ln clusters.

Fig. S14. TEM images of (CTA)*~x~*(TBA)~10-*x*~P~2~W~17~O~61~ nanobelts.

Fig. S15. Optimized complex structure of HAc and the P~2~W~17~M (M = Zn, La, Ce) cluster.

Fig. S16. CV curves and selectivity test for the hydrogen peroxide detection.

Table S1. Elemental analysis results of nanowire and nanoring structures.

Table S2. Epoxidation of olefins with PhIO catalyzed by the P~2~W~17~Mn POM precursor.
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